Objective: A consistently identified risk factor for Alzheimer disease (AD) is family history of dementia, with maternal transmission significantly more frequent than paternal transmission. A history of maternal AD may be related to AD-like glucose consumption in cognitively healthy subjects. In this cross-sectional study, we tested whether cognitively healthy people with a family history of AD have less gray matter volume (GMV), an endophenotype for late-onset AD, than individuals with no family history, and whether decreases in GMV are different in subjects with a maternal family history.
consumption in cognitively healthy subjects. 7 PET scans from subjects with mothers affected with late-onset AD showed reduced metabolic rates for glucose in AD-vulnerable brain regions. Maternal history of AD may also predispose normal individuals to progressive metabolic reductions in AD-vulnerable brain regions. 8 Moreover, a recent fMRI study found that both apoE4 and family history affect memory performance in cognitively healthy individuals. 9 Although the biologic mechanisms through which a family history of AD influences risk remain unclear, characterizing brain imaging endophenotypes in target populations may be a useful step in identification of risk of developing AD.
Along with PET and fMRI, volumetric MRI is a useful marker of risk and disease progression in AD, 10 and MRI traits are informative endophenotypes for basic and clinical studies of AD. 11 Voxel-based morphometry (VBM) is a method of processing MRI that can identify small changes in brain volume associated with disease, as well as characterize genetic risk variants responsible for these brain structure changes. We and others have used VBM to characterize regional changes in volume in early AD compared with elderly subjects without dementia. 12 In addition, we have reported that the presence of an apoE4 allele in older adults without dementia is associated with imaging markers of risk of AD, namely gray and white matter changes in the medial temporal cortex. 13 To date, no studies have assessed whether there are brain volume differences in vivo in cognitively healthy individuals with a family history of lateonset AD. In the present study, we used VBM to test whether cognitively healthy people with a family history of AD have less gray matter volume (GMV), an endophenotype for late-onset AD, than individuals with no family history of AD, and whether these decreases in GMV are different in subjects with a maternal family history.
METHODS Standard protocol approvals, registrations, and patient consents. This study was approved by the Kansas University Medical Center Human Subjects Committee. All participants provided informed consent according to institutional guidelines.
Demographics. Subjects without dementia, aged 60 years and older, were enrolled in the University of Kansas Brain Aging Project. Participants were recruited from a referral-based memory clinic and by media appeals. All subjects received a standard diagnostic evaluation that included medical (history, physical, and laboratory), neuropsychological, and MRI examinations. The absence of cognitive and functional decline was determined by a board-certified neurologist with specialized training in the evaluation of dementia using the Clinical Dementia Rating (CDR).
14 All participants included in this analysis had a CDR rating of zero, indicating no dementia. Persons with neurologic disease other than AD, history of ischemic heart disease, history of significant mental illness, diabetes mellitus, or other systemic illness that might impair completion of the study 15 were not eligible for the study. All data presented in this study are cross-sectional.
Subjects completed thorough family history examinations with a nurse clinician. A family history of dementia included at least 1 first-degree relative whose dementia onset was between ages 60 and 80 years, and was taken using a standard family history form filled out by a nurse clinician. Participants selfreported names, dates of birth, age at death, age at onset of disease, and clinical information of affected and unaffected family members. Subjects were not included if both of their parents had not lived to the age at risk of late-onset AD (i.e., 60 years) or if both parents had late-onset AD. Only subjects with a positive family history with a single parent affected with AD (FHϩ) were included in the present study. These subjects were divided into maternal (FHm; only the mother was affected with AD) and paternal (FHp; only the father was affected with AD) family history groups and compared with subjects without a family history of dementia (FHϪ). Of 67 individuals with complete family history data, 16 cognitively intact individuals had a maternal history of late-onset AD, 8 had a paternal history of AD, and 43 had no parental history of AD.
ApoE genotypes were determined by restriction enzyme isotyping. For these 67 subjects, 21 carried an apoE4 allele (2/4, n ϭ 2; 4/3, n ϭ 17; 4/4, n ϭ 2) and 46 did not (2/3, n ϭ 10; 3/3, n ϭ 36).
Cognitive measures.
A trained psychometrician administered a psychometric battery including standard measures of memory, language, executive function, and visuospatial ability (tests described in detail elsewhere 16 ). The Mini-Mental State Examination 17 was administered as a measure of global cognition. All cognitive performance scores were converted to Z scores based on the mean and SD of a larger cohort of individuals without dementia, described previously. 16 The mean of each participant's Z scores was determined to create an index of global cognitive performance.
Imaging. Structural MRI data were obtained using a Siemens 3.0-T Allegra MRI Scanner. High-resolution T1-weighted anatomic images were acquired (magnetization-prepared rapid gradient echo; 1 ϫ 1 ϫ 1 mm 3 voxels, repetition time ϭ 2,500, echo time ϭ 4.38 milliseconds, inversion time ϭ 1,100 milliseconds, field of view ϭ 256 ϫ 256, flip angle ϭ 8 degrees) and processed for voxel-based analysis. Every scan was checked for image artifacts and gross anatomic abnormalities. Data analysis for 67 subjects was performed using the VBM5 toolbox (http:// dbm.neuro.uni-jena.de), an extension of the SPM5 algorithms (Wellcome Department of Cognitive Neurology, London, UK) running under Matlab 7.1 (The MathWorks, Natick, MA) on Linux. Processing for VBM has been detailed elsewhere 12 ; in short, we used unified segmentation with hidden Markov random field, priors, nonlinear modulation, saved images with affine registration only, and smoothed at 10-mm full-width at half-maximum gaussian kernel. Total gray matter, white matter, and total intracranial volume (TICV) were computed in cubic centimeters using the normalized tissue maps of each study participant. Modulated outputted images are corrected for nonlinear warping, effectively globally scaling data for TICV. Thus, TICV is not included in the statistics as a global scalar.
Demographic statistical analyses. SPSS 16.0 (SPSS Inc.,
Chicago, IL) was used for all statistical analysis outside of imaging space. Continuous demographic and imaging variables were compared between the family history groups using analysis of variance. The 2 test was used to compare categorical variables between groups.
VBM statistics. We used VBM to examine regional brain volume differences between groups. We used a full-factorial model (a 3-sample t test), and included age, gender, and apoE4 carrier status as confounding variables. First, we examined whether there were significant GMV differences between FHϪ and FHϩ (FHm and FHp combined) groups. Second, we examined whether there were parent gender effects on GMV by comparing the 3 groups (FHϪ vs FHp vs FHm). For all analyses, results were considered significant at p Ͻ 0.05 after correction for multiple comparisons (family-wise error) according to the small volume correction, with clusters exceeding an extent threshold of 100 voxels and Z Ͼ 3.0. To focus our analyses on AD-related regions, we used a masking image of regional GMVs from a previous study. It included regions significantly decreased in subjects with early AD compared with elderly subjects without dementia, 12 namely the medial temporal lobe (hippocampus and parahippocampal gyrus), superior, inferior, and middle temporal gyrus (Brodmann area [BA] 20/21/22/37), right insula (BA 13), left cingulate (BA 31), bilateral middle frontal gyrus (BA 6/9), bilateral fusiform gyrus (BA 37/BA 19), and inferior frontal cortex (BA 45/46). The mask was then applied to the full volume of data for each contrast. Voxels are reported with reference to the Montreal Neurological Institute (MNI) standard space within SPM5. 18 As a secondary analysis, we compared only the apoEnegative family history groups (FHϪ vs FHp vs FHm) to verify that decreased volume in the FHm group was not driven solely by a presence of an apoE 4 allele.
RESULTS Demographic statistical analysis. The mean age of the cohort (n ϭ 67) was 74.4 (SD 7.2) years, with no significant difference in age among FHϪ (n ϭ 43), FHp (n ϭ 8), and FHm (n ϭ 16). Groups were similar for gender distribution, years of education, and global cognition. There were no significant differences in normalized whole brain volume or gray or white matter volume. The FHm group had a significantly greater number of apoE4 alleles than the FHp and FHϪ groups (table 1).
Imaging measures. As compared with FHϪ subjects, FHϩ subjects had significantly decreased GMV in the precuneus, middle frontal gyrus, inferior frontal gyrus, and superior frontal gyrus (table 2) . Furthermore, comparison of the 3 groups (FHϪ vs FHp vs FHm) revealed that the prefrontal cortex decreases in volume were driven by the FHm group (table 3, figure 1, and figure 2, A and B). More specifically, FHm subjects had significantly smaller right inferior frontal, middle frontal gyri, and left insula GMV when compared with the FHϪ group. FHm subjects also had significantly less gray matter in the right lingual gyrus, right inferior frontal gyrus, and right middle frontal gyrus when compared with FHp subjects (table 3 and figure 1 ).
As compared with the FHϪ group, the FHp group had regional decreases in GMV in the superior frontal gyrus, precuneus (figure 2D), left, middle frontal gyrus, and right fusiform gyrus (table e-1 on the Neurology ® Web site at www.neurology.org and figure 1D ). However, there were no GMV regional decreases in the FHp group compared with the FHm group.
There were a few GMV reductions in the FHϪ group compared with the FHϩ group in the left insula and left inferior frontal gyrus (table e-2). These regions were not significant in the individual contrasts, which tested whether there were regional GMV decreases in subjects with a paternal family history or a maternal family history compared with subjects with no family history (FHp Ͼ FHϪ and FHm Ͼ FHϪ). When the analysis was restricted to the apoE4 noncarriers, the FHm group still showed GMV reductions compared with the FHϪ group in areas overlapping with the larger analysis, namely the bilateral middle frontal gyrus and right inferior frontal gyrus, with additional decreases in the precuneus, bilateral superior frontal gyrus, and middle temporal gyrus ( figure 1C) . The apoE 4-negative FHm group still showed GMV reductions compared with the FHp group in the same regions as above in the left inferior frontal gyrus, lingual gyrus, and middle frontal gyrus. Additional clusters that reached significance were in the precuneus ( figure 2C ) and right inferior frontal gyrus. DISCUSSION We used VBM techniques to show that cognitively normal individuals with a parent with AD, especially a mother, have reduced GMV in AD-vulnerable brain regions compared with cognitively normal individuals with no family history. More specifically, individuals with a maternal family history of AD had greater GMV reductions in the prefrontal cortices (BA 45, 46, and 47) and the precuneus. These effects remained significant after accounting for potential risk factors for late-onset AD, such as age, gender, and apoE4 genotype. Although we found more frontal than temporal regional GMV decreases in the FHm group, these findings complement and extends reports of an AD endophenotype in FHm but not FHp cognitively normal individuals. 7, 8, 19 Healthy aging is typically associated with some brain atrophy, increases in MRI white matter signal intensity, and decreases in cognitive functioning. 20 Advancements in neuroimaging have improved our ability to distinguish visible markers of early transition to AD apart from normal aging. A recent report from the Alzheimer's Disease Neuroimaging Initiative showed that participants with mild cognitive impairment who later converted to AD had lower regional GMV in a number of brain regions at baseline, including temporal, parietal, and frontal cortices. 21 GMV reductions in the earliest stages of AD are most often reported in the hippocampus, as well as the precuneus, a region involved in visuospatial processes. 22, 23 VBM is a sensitive method for identifying regional gray matter atrophy in progressing AD subjects. 24 In this study, we used VBM methods and report decreased GMV in subjects with a maternal family history in regions previously shown to be affected in subjects with early AD. 12 Our data are consistent with volumetric studies characterizing regions vulnerable to atrophy in the earliest stages of AD. 23, 25 We report atrophy in the prefrontal cortex of FHm individuals compared with both FHp and FHϪ groups, which complements and extends PET data showing prefrontal hypometabolism in FHm individuals over time. 8 We found that subjects in the paternal family history group had reduced GMV in the prefrontal cortex and precuneus compared with FHϪ subjects. The paternal group, however, did not have any decreases in GMV compared with the maternal family history group, which would support data showing that FHm subjects have a stronger imaging endophenotype of AD 7, 8 and that there is a higher mother-to-father ratio among affected parents of subjects with AD. 26 We will need to complete a longitudinal examination of our subjects to determine whether the presently reported GMV deficits predispose FHm individuals to additional atrophy in AD-vulnerable regions. It will also be crucial for future studies to analyze whether maternal family history of AD influences disease severity, rate of cognitive decline, or age at onset in subjects with a diagnosis of AD.
Accumulating literature suggests that having an AD-affected father or mother increases one's risk of late-onset, sporadic AD, although the risk is greater when the mother is the affected parent. For example, in a cohort of individuals with AD and a positive family history, the mother was more likely to be the affected parent than the father. 26 Both PET and neuropsychological data suggest that FHm status has a greater impact on brain physiology and cognitive function than FHp status. 6, 7 Gender-specific inheritance phenomena are associated with several genetic paradigms, such as X-linked inheritance, sex-specific imprinting, and mitochondrial DNA (mtDNA) transmission. Currently, there are several lines of evidence supporting a role for mtDNA transmission in AD. Mitochondrial DNA encodes catalytic sites for the enzyme cytochrome oxidase, and cytochrome oxidase activity is reduced in AD. 27 Neuronal nuclear genes influencing mitochondrial energy metabolism are underexpressed in AD, particularly in regions like the precuneus. 28 Brains pathologically diagnosed with AD have significantly more abundant low-level heteroplasmic mutations in the mtDNA D-loop region, 29 and higher levels of the 5-kd "common" mtDNA deletion compared with control brains. 30, 31 Studies of cytoplasmic hybrids (cybrids) in neuronal cell lines have demonstrated that cell lines expressing AD subject platelet mtDNA have lower mtDNArelated cytochrome oxidase activity, supporting the possibility that mtDNA might differ between AD and control subjects. 32, 33 Furthermore, AD-related alterations in mtDNA content are neuroanatomically specific to the hippocampus, frontal, and temporal cortices. 34 While GMV differences in regions of AD-related atrophy were observed in FHϩ participants, we did not find significant GMV changes in the hippocampus, a region most commonly associated with ADrelated volumetric changes. AD-related hippocampal atrophy is typically associated with clinically evident cognitive changes (i.e., memory loss); however, our participants did not have dementia or evidence of Figure 1 Statistical parametric maps showing gray matter volume reductions in normal FH؉ subjects compared with FH؊ subjects
The first 2 rows display maps from subjects with a maternal family history of Alzheimer disease (FHm) as compared with subjects with no family history (FHϪ) (A) and subjects with a paternal family history (FHp) (B). Row C shows gray matter volume (GMV) reductions in apoE4-negative FHm subjects compared with apoE4-negative FHϪ subjects. Anatomic location and description of brain regions for A and B are in table 3. Statistical parametric maps showing GMV reductions in normal FHp subjects as compared with FHϪ subjects are in row D. Anatomic location and description of brain regions are in table e-1. Areas of gray matter volume decrease are represented on purple-to-yellow, blue-to-light blue, dark orange-to-yellow, and green-to-light green color-coded scales for the 4 contrasts, reflecting Z scores between 2 and 5 for the upper contrast and between 2 and 4 for the lower 3 contrasts. Areas of gray matter volume decrease are displayed on a standardized spatially normalized MRI.
cognitive or functional decline. There were no significant differences between any groups in our standardized global cognitive measure, consistent with the cross-sectional and longitudinal PET studies of family history. Larger hippocampal volume 35 and hippocampal neuronal cells 36 are associated with preserved cognition and function in individuals with the presence of high AD neuropathologic burden. So while these individuals may be genetically at risk of AD and demonstrate atrophy in AD-vulnerable regions, protective or compensatory mechanisms may be playing a role maintaining normal cognitive function. This is further suggested by the larger regional volumes in the left insula and prefrontal cortex in FHϩ compared with FHϪ groups. It will be important to replicate these findings in larger communitybased samples and longitudinal assessments of the relationship of family with hippocampal atrophy.
It is interesting that our FHm group had significantly more E4 allele carriers than the FHp and FHϪ groups, similar to another report of higher apoE 4 frequency in an FHm group. 37 We and others have found reduced hippocampal GMV in cognitively normal elderly subjects with an apoE4 allele. 13, 38, 39 In the current study, we both controlled for apoE4 and analyzed apoE4 groups separately, which demonstrated that the present findings were not accounted for by apoE4. Excluding FHϩ subjects whose parents had dementia only after age 80 years may artifactually reduce the total number of FHm-eligible subjects, and thus we may have selectively enriched for apoE 4 alleles in the FHm group. Moreover, the apoE4 genotype is often overrepresented in subjects who have a family member with AD, and this family history might lead participants to seek involvement in memory studies such as ours.
Our study is limited by a lack of neuropathologic confirmation of parental AD, and it is possible that parents who developed dementia by history may have had another neurodegenerative disorder or a nondegenerative cause of dementia. If the relatives of our subjects did not have AD, it would have likely reduced our ability to detect group differences. family history questionnaires such as ours, however, have been shown to agree with neuropathologic findings. 40 Moreover, it is possible that there is a censoring bias in assigning family history groups to individuals whose parents died at an earlier age. Additionally, our study is limited by a cross-sectional design, and further longitudinal evaluations will be important to confirm these findings. The small sample size may have limited our power to resolve volumetric group differences, in particular in the FHp group. Despite these limitations, the regional specificity of our findings in AD-vulnerable regions observed in individuals without dementia and with a maternal family history of AD complement and extend reports of cerebral metabolic differences in subjects with a maternal family history.
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